ABSTRACT As a non-invasive and hybrid imaging modality, magneto-acoustic-electrical tomography (MAET) is extremely useful for the electrical conductivity measurement in vivo. Based on the Verasonics system and the MC600 displacement platform, we designed and implemented a novel MAET system with a chirp pulse stimulation (MAET-CPS) method for electrical conductivity measurement. In the system, a 2-3 MHz chirp signal was exploited for stimulating ultrasound power probe. Then, the interface positions of conductivity variation were obtained by digital demodulation of the excitation signal and the received voltage signal. Finally, five different homogeneous phantoms with same size were used to investigate the feasibility, accuracy, and repeatability of MAET-CPS. The results showed that: 1) when a chirp signal with pulse duration of 1000 µs was used to stimulate a homogeneous phantom with 0.5% NaCl, the reconstructed B-scan image of the conductivity distribution was highly consistent with the ultrasound B-scan imaging and physical size; 2) the signal-to-noise ratio of the system and the detection resolution of the interface of conductivity variations could be influenced by the linear frequency modulation period. The resolution obtained by using chirp signal with pulse duration of 1000 µs was better than that of 500 µs and 1500 µs; and 3) the interfaces of conductivity variations of homogeneous phantoms with five different concentrations (0.4%, 0.5%, 0.6%, 0.7%, and 0.8%) were clearly presented and the measured thicknesses of each phantom showed good agreement with the thickness of the target sample. This paper has laid the foundation for the MAET-CPS modality in the phantom sample, and MAET-CPS is expected to become an alternative imaging method for early diagnosis and detection of biological cancerous tissues.
expensive to use and maintain; therefore, it is not feasible for widely application. Ultrasound imaging is widely used in medical imaging because of ease of use, real-time measurement and relatively inexpensive cost [5] , [6] . However, it cannot effectively distinguish the gas-containing organs such as lungs, digestive tract and bones because ultrasonic beam is easily hindered by gas and bones. In addition, information about the pathological and physiological condition of biological tissues can be obtained by measuring the electrical conductivity [7] [8] [9] , and the variation of the electrical conductivity is a typical characteristic of most tumors in the early stages [10] . Therefore, electrical conductivity tomography for biological tissue has aroused tremendous interest among medical imaging investigators and is expected to become one of the most effective tumor assessment methods for the early diagnosis of cancer [10] . Recently, useful information concerning the physiological and pathological condition of biological tissues has been achieved via measuring their electrical conductivity, whereby the typical measurement method is electrical impedance tomography (EIT) [11] . Despite having the advantages of high contrast and feasibility for various clinical applications [5] , EIT has a low spatial resolution because of the ill-posed nature of the inverse problem [5] , and its limitation by the quantity of electrodes [10] . Therefore, several types of imaging modalities, such as magnetic resonance electrical impedance tomography [12] , magneto-acoustic tomography [13] , magneto-acoustic tomography with magnetic induction, and magneto-acoustic-electrical tomography (MAET) [14] , [15] (also known as Lorentz force electrical impedance tomography [16] , [17] ) have been developed to improve the spatial resolution and contrast [18] . As MAET merges the superiorities of both ultrasonic imaging and traditional EIT, the voltage signal collected by the electrodes is easily detected and processed [19] . The MAET method has high potential for highspatial resolution and can overcome the shortcoming of the low-spatial resolution of EIT, which provides an alternative scheme for clinical applications [20] , [21] .
In the present MAET researches [10] , [20] , an ultrasound pulse excitation wave was injected into a biological tissue placed in a static magnetic field to make the local particles of an imaging target vibrate with the propagation of the ultrasonic wave. The local particles with positive and negative charges were separated under the Lorentz force generated by a permanent magnetic field and ultrasonic wave that generated a local source of electrical current in the imaging target. Subsequently, a corresponding electric field distribution formed after scanning using an ultrasound transmitting probe around the biological tissues. The MAET signal can be obtained by the voltage signal measured by a pair of electrodes on the surface of the biological tissues or a noncontact coil attached to the static magnet, and the conductivity distribution of the imaging body is reconstructed using a reconstructed algorithm, such as the damped least-squares method, logarithmic reconstruction algorithm [10] , compression sensing algorithm or iterative least-squares method [14] .
The imaging process of MAET in a biological tissue is shown in Fig. 1 . Up until now, numerous investigations have been carried out to study and improve the MAET method. For instance, Wen et al. [22] and Shen et al. [16] explored the Hall effect imaging and the method was later named MAET, the relation of one-dimensional model between the surface voltage measured by electrodes and the electrical impedance parameters of an imaging body was deduced by Wen et al. [22] . Xu and He [13] intensively researched the forward and inverse problems and achieved MAET signals of a slab via electrodes and imaged the electrical impedance using an ultrasound scan on a plane [10] . Kunyansky [23] studied the inversion procedure of MAET and put forward a series of methods to reconstruct the electrical conductivity [23] . Roth proposed a variety of methods for MAET and demonstrated several limitations of the methods [24] . Shen et al. presented a design of MAET equipped with a superconducting magnet and simulated a superconducting in MAET system that included the modeling of a superconducting magnet using the finite element method software COMSOL Multiphysics and the mathematical model of magneto-acoustic effect [17] . They pointed out that improving the uniformity of the magnetic field and increasing the magnetic field strength can enhance the quality of the electrical signal imaging of MAET and that an increase in the intensity of the magnetic field was more effective. In addition, they demonstrated the modeling of a superconducting Halbach array magnet [16] and optimized the strength and homogeneity of the magnetic field from the superconducting Halbach array magnet [25] . Li et al. [9] used a high-voltage signal with narrow-pulse to stimulate an ultrasound plane probe and imaged a lowconductivity animal gelatin phantom. Numerical simulations were conducted on biological tissue models and real biological tissue experiments demonstrated the feasibility of MAET to image the electrical properties of biological tissue. In the previous study, the MAET modality in electrode-detection mode based on the reciprocal theorem was primarily used to image electrical conductivity of biological tissues, and there are few explicit formulas to account for the MAET with the chirp pulse stimulation method. Moreover, in conductivity imaging techniques such as the reconstruction method, the influence of the probe type, the improvement of system signal-to-noise ratio (SNR), and the ill-posed character are still primary MAET issues. In this study, we presented the theory and the fundamental principle of the MAET with the chirp pulse stimulation (MAET-CPS) method. The formulas for the conductivity imaging were derived, and an MAET-CPS system was designed and implemented for high resolution conductivity detection. Finally, a series of related experiments were conducted on low-conductivity gelatin phantoms to demonstrate the feasibility, accuracy, repeatability and performance of the proposed MAET-CPS method.
II. IMAGING PROCESS AND ALGORITHM OF MAET-CPS
In this study, a linear frequency modulation inspiration pulse was applied to an ultrasound probe to generate vibration which interacted with a uniform static field B 0 (0.45T) to generate a Lorentz force. Therefore, a local electric current was produced and the voltage signal was collected by two electrodes placed at the lateral sides of the phantom. According to the coherent detection theory of linear frequency modulation, the electrical conductivity curve along the ultrasonic propagation direction can be obtained after combining the ultrasonic excitation signal T x and the measured voltage R x from the surface of the tissue, and the conductivity distribution in a plane or space can be achieved after integrating with the position information of the probe and the conductivity imaging process of MAET-CPS in target sample as shown in Fig. 2 . The chirp pulse modulation, also called as the linear frequency modulation in this paper, is one of the promising technologies widely used to reduce the peak power requirement while maintaining the same average power and SNR. Since chirp signals are a series of continuous modulation waves, in which the frequencies linearly change intermittently. Chirp signals originated in radar applications [26] and has been applied to ultrasound nondestructive detection [27] [28] [29] , magneto-acoustic tomography [30] , [31] and it is widely used in the field of communications and sonar because of their efficient band utilization, strong antijamming behavior, anti-multipath effect, anti-Doppler attenuation, and good frequency utilization but have seldom been applied in the MAET system [32] . In our MAET detection system, a chirp pulse with the frequency sweeping linear from f 0 to f 0 + f was generated by a signal generator, and the duration of linearly frequency modulation can be adjusted from 100−1500 µs. Then, the produced signal was sent to a two-output power splitter. A one-way output signal was sent directly to the Verasonics acquisition system, and another output signal was sent to the ultrasonic transmitting probe after the power amplification. The excitation pulse to the ultrasound probe was in the form of Eq. (1).
where T x is the stimulating signal, A 0 is the amplitude of the stimulating signal, f 0 is the initial frequency, f is the bandwidth of the modulation frequency, T is the pulse duration (also called the frequency modulation period), k is an integer, T m is the chirp-pulse repeat period, and φ 0 is the initial phase.
As the frequency of the ultrasound stimulating signal varied with time, the amplitude of the received signal also changed with time, which introduced new frequency component into the received signal, and the received voltage signal had a time delay compared with the excitation signal, to sum up, it can be written as Eq. (2).
where R x is the received signal, A(t) is the amplitude of the received signal, c is the ultrasound propagation velocity in the tissue, Ris the excitation depth of the conductivity change to the probe.
The multiplication of the R x and T x signals of the Eq. (3) could be deduced and processed by low-pass filter (LPF) with a 0.6-MHz cut-off frequency, the amplitude of the intermediate frequency (IF) signal is proportional to the time-of-flight VOLUME 6, 2018 of the compression waves from the stimulating probe to the target sample and can be denoted as Eq. (4).
As shown in Eq. (4), the frequency difference between the instantaneous T x and R x signals (the intermediate frequency) can be denoted as Eq. (5).
where I f is the intermediate frequency and is linearly related to the excitation depth of the conductivity change. After the scale transformation, the position information of the conductivity variation can be reconstructed from the spectrum of the IF signal. The electrical conductivity curve with respect to the excitation depth in the Z axis can be obtained and the reconstructed B-scan image of the electrical conductivity discontinuity distribution within the imaging sample can be achieved when combined with the scanning information.
III. SYSTEM DESIGN A. PLATFORM DESIGN
Our proposed MAET-CPS system consisted of three parts: 1) excitation source; 2) motion control platform; and 3) Verasonics acquisition and control platform. As the major part of the system, Verasonics acquisition and control platform was used for a 14-bit analog-to-digital conversion (ADC), sampling, amplifying, band-pass filtering, demodulating (mixing, low-pass filtering), and system sequential control. The excitation source consisted of a signal generator, a power splitter, and a power amplifier used to amplify the excitation signal. The motion control platform consisted of a high-power immersion-type probe, a C-shaped permanent magnet with two cube magnets and its support structure, a pair of silver-plated copper electrodes and a detection tank inserted into the C-shaped static magnet. The system diagram is shown in Figure 3 . In our apparatus, a high power single element transducer (CDC-10963-4, IMASONIC Inc., France) was used for stimulating probe, a beam of linear frequency modulation excitation signal with a bandwidth of 1 MHz and a center frequency of 2.5 MHz was generated by a signal generator (AFG3102, Tektronics Inc., USA), and the stimulation signal was separated into two paths after the power splitter. A one-way signal was sent to the ultrasonic probe after 50-ohm impedance matching and a 48-dB power amplification by the power amplifier (RF Power Amplifier 325 LA, Electronics & innovation Inc., New York, USA) and anotherway signal was received by the Verasonics acquisition system (Vantage Advantage 256, Kirkland, USA). In addition, a pair of silver-plated copper electrodes was connected to the Verasonics acquisition system and utilized to tightly attach to the phantom. Subsequently, the imaging target sample was fixed in a plastic sink container and placed in the center of a C-shaped static magnetic field of 100 mm × 90 mm × 40 mm, which was generated by two cube Nd-Fe-B magnets (100 mm × 100 mm × 40 mm), and the magnetic field within the central cube of 64 cm 3 between the two magnets was approximately 0.45 T.
In our experiment platform, the contact impedance and effect of electrode position on the detection signal are critical [34] , [35] , to obtain a stable received voltage signal and minimize the electrode-phantom contact impedance, the pressure between the electrode and phantom was guaranteed to be constant, and two detection electrodes with the same shape and size were manufactured and placed close to both sides of the target sample. In addition, the effect of electrode position on the detection signal is critical [35] ; therefore, two detection electrodes with the same shape and size were manufactured and placed close to both sides of the target sample. In addition, deionized water was poured into the tank, and the motion platform (MC600, ZOLIX Instruments Inc., Beijing, China) was applied for the movement of the stimulating probe. When the probe moved to the target position, the Verasonics sent a trigger signal to start the signal generator to generate a linear chirp pulse signal to stimulate the ultrasound transducer. Subsequently, the weak surface voltage of the phantom was measured by the Verasonics system and the electrical conductivity curve along ultrasonic propagation direction was obtained with the imaging algorithm using the ultrasonic excitation signal and electrode detection signal. By moving the probe to the next position, and repeating the above operation, the corresponding electrical conductivity curves in the xz plane was derived, and the distribution of the electrical conductivity in the xz planar area was achieved after the imaging algorithm process by combining the electrical conductivity curve at each stimulating spot with its corresponding position information. The connection diagram of our proposed system based on MAET-CPS is shown in Figure 3 .
B. MAET-CPS ALGORITHM
In our MAET-CPS platform, data acquisition and movement of the probe were controlled by the Verasonics system, and MATLAB was used as the programming language. A pair of silver-plated copper electrodes attached to the surface of the imaging body was used to measure the surface voltage signal of a phantom. Both the ultrasonic excitation signal and the surface voltage signal were used to perform the ADC acquisition, pre-amplifier, mean calculation, and band-pass filtering through the Verasonics system. By mixing the signals, the IF signal was derived after low-pass filtering and fast Fourier transformation (FFT); therefore, the conductivity curve along ultrasonic propagation direction was obtained after scale transformation. Combined with the position information of the excitation probe, the ultrasonic excitation signal T x and electrode detection signal R x , the electrical conductivity distribution diagram were easily derived by the dimensional transformation and the B-mode reconstruction algorithm. The algorithm flow chart of our proposed MAET system is given in Fig.4 . 
C. EXCITATION SOURCE DESIGN
The design of the excitation source is of great significant for obtaining high imaging resolution, to generate local ion vibration, the excitation power of the ultrasonic probe adopted to activate the phantom should be large enough, while taking into account the characteristics of ultrasonic excitation and the MAET system. For an ultrasonic excitation signal with a wide bandwidth, high power output, center frequency of 1-3 MHz, and the chirp pulse duration can be adjusted from 100 µs to 1500 µs, which satisfies our experiment requirements. In this study, the probe with a center frequency of 2.5 MHz was chosen as the excitation probe, and the transducer waterproof technique was used. In addition, an excitation signal of 200-mV amplitude, 2-3 MHz frequency and chirp pulse duration of 1000 µs was selected as the excitation source. The amplitude-frequency characteristics and time-frequency characteristics of the excitation signal detected by the Verasonics acquisition system are shown in Fig. 5 . To improve the SNR and reduce the influence of the excitation signal on the received signal, a power splitter was used to generate two signals of the same in-phase and amplitude, and a double-shielded transmission cable and shielding network were used to improve the SNR of our MAET system. To avoid ultrasonic back-and-forth reflection between the probe and bottom interface, an ultrasound absorbing material was placed at the bottom of the container. Owing to the nonuniformity of the magnetic field between the two magnets, the imaging body should be placed in the middle of the two magnets as much as possible, to facilitate the free movement of the excitation probe and reduce the impact of intermittent air and bubble on the target sample. Deionized water was used as the coupling agent between the transmitting probe and the sample in our experiment.
IV. EXPERIMENTAL RESULTS

A. THEORETICAL VERIFICATION
To validate the MAET-CPS theory, a beam of chirp excitation signal with linear frequency modulation and its 2 µs delayed signal were collected synchronously by the Verasonics system. After processing the two digital signals by preamplification, ADC acquisition, mean filtering, band-pass VOLUME 6, 2018 filtering and mixing, low-pass filtering, fast Fourier transformation and scale transformation, the relation between the relative amplitude of the electrical conductivity curve and depth in the z axis were obtained. In our validation experiment, I f = 2.033 × 10 4 Hz, R = 0.313cm were measured by our MAET-CPS system and shown in Fig. 6 . According to Eq. (6), I f = 2.0 × 10 4 Hz, R = 0.308cm were easily calculated when T = 100 µs and c = 1540m/s
The theoretically calculated values were in agreement with the measured IF and depth of the interface of conductivity changes, which proved that the MAET theory using a linear frequency-modulated wave as an excitation source in our MAET system was correct.
B. SYSTEM FEASIBILITY TEST
To test the feasibility of the MAET-CPS system, we chose pig-skin powder, NaCl, and water to make five uniform phantoms with conductivities similar to that of biological tissue. Five uniform imitations with different salinities (0.4%, 0.5%, 0.6%, 0.7%, 0.8%) and same thickness (3.50 cm) were used as the imaging samples to conduct performance tests. In our setup, both the imaging sample and electrodes were immersed in water, and the front end of the ultrasound probe was dipped into water for good acoustic coupling. The movement of the ultrasound transducer was driven by the motion control platform for the scanning around the surface of the phantom in a plane orbit. Data acquisition from the pair of electrodes was computer controlled by the Verasonics system and synchronized with the ultrasound field stimulated by the probe. A chirp signal with a pulse duration of 1000 µs, an amplitude of 200 mV, and a frequency of 2-3 MHz was used as the ultrasonic stimulation signal. In addition, the homogeneous phantom (75 mm × 30 mm × 35 mm) was placed in the middle of the C-sharp magnet and the phantom was fixed to In our experiment, the step size of the scanning movement was set to 0.5 mm, and the reconstructed B-scan conductivity image using an excitation signal with a 1000 µs frequency modulation period was obtained by moving the probe and scanning the homogeneous phantom with 0.5% salinity along x-axis direction. As shown in Fig. 8 , the upper/lower interfaces of the phantom and the container bottom can be distinguished, and the positions of conductivity variations of the upper interface, lower interface and bottom of the container were approximately 4.25 cm, 7.77 cm and 7.97 cm, respectively, and the distance from the lower interface position of the imitation sample to the bottom of the container was 0.2 cm. These results indicated that the interface positions of conductivity variations measured by our proposed system were highly consistent with those of the ultrasonic B-mode scanning image and the measured value, thereby demonstrating the feasibility of our MAET-CPS system.
C. INFLUENCE OF CHIRP-PULSE DURATION ON RESOLUTION
To investigate the influence of chirp-pulse duration on imaging resolution, the uniform phantom with 0.5% salinity was activated by three different chirp signals with pulse duration of 500 µs, 1000 µs and 1500 µs. The electrical conductivity curves are shown in Fig. 9 , where three peaks are appeared at approximately 4.25 cm, 7.76 cm and 7.96 cm after scale transformation, and their relative amplitude varied from 21.62 to 107.9. From Fig. 9 , the upper and lower interface positions of the phantom were clearly obtained when using three different chirp signals as excitation sources. The bottom position of the plastic shell was derived using linear frequency modulation periods of 1000 µs and 1500 µs, while the bottom position of the plastic shell could not be achieved using a modulation period of 500 µs. As shown in Fig. 9 , it is difficult to unambiguously distinguish the distance from the bottom of the uniform imitation to the bottom of the container using an excitation signal with a 500-µs pulse duration, while that distance can be clearly distinguished by the excitation sources with chirp pulse durations of 1500 µs and 1000 µs. Compared with the excitation signal with chirp pulse durations of 500 µs and 1500 µs, a higher relative amplitude and a better SNR was obtained by using a chirp modulation period of 1000 µs. Therefore, chirp-pulse duration is a key factor in the improvement of the imaging resolution of electrical conductivity.
D. SYSTEM ACCURACY TEST
To test the accuracy and reliability of the MAET-CPS system, some parameters were measured. As shown in Table 1 , both the thickness of the phantom and the distance from the bottom of the phantom to the bottom of the plastic shell agreed well with the measured value. The average position of the interface of conductivity changed was the same as that measured by the ultrasonic B-mode imaging or a ruler when using three different linear frequency modulation periods. The average change of upper interface position of conductivity, and lower interface position of conductivity and thickness of the phantom were 4.253 cm, 7.767 cm and 3.513 cm, respectively, and were close to the measured values; the accuracy was as high as 98%, which validates the accuracy of our MAET-CPS system.
To test the system repeatability, a chirp-pulse signal with a 500 µs pulse duration was employed as an excitation signal to the probe, and five equal-size homogeneous phantoms with different salinities (0.4%, 0.5%, 0.6%, 0.7%, 0.8%) and same VOLUME 6, 2018 thicknesses (3.50 cm) were used for the position measurement of conductivity variation. The conductivity curves varied with the concentration of NaCl and are shown in Fig. 9 (a) and Fig. 10 . The interface positions of conductivity variations of each homogeneous phantom were clearly and accurately detected in the above experiments, which demonstrated the reliability of our proposed MAET-CPS system. Furthermore, with an increase in the concentration of NaCl, the detected electrical conductivity increased correspondingly, proving that the detected electrical conductivity is related to the concentration of NaCl. The measured thicknesses of the target samples showed good agreement with the actual thickness, which demonstrates the repeatability of the MAET system.
In our experiment, the detected electrode signal of microvolt-level was very weak and sensitively affected by the external noise. The SNR of our conductivity detection system was about 6 dB before improvement. After using doubleshielded cable, signal averaging and algorithm improvement, the SNR was increased to 18 dB. In addition, to test the influence of the focusing probe, an ultrasonic focusing probe with 5-cm depth of focus was used to conduct pilot experiments. The results showed that the variation of electrical conductivity was closely related to the depth of focus and the interface position of the phantom. When the focus point was closer to the upper surface of the uniform phantom, the position of the abnormal interface was clearly obtained on the upper surface of the phantom but was not obvious on the lower surface. When the focus point of the probe was closer to the lower surface of the uniform phantom, the anomaly interface of conductivity was unambiguously derived on the lower surface of the imaging body, indicating that the focus position of the probe had an impact on imaging resolution of conductivity.
V. DISCUSSION
MAET-CPS is a novel developing approach that combines the high-spatial resolution of sonography with the good contrast of conductivity imaging. To explore its hybrid imaging mechanism, we conducted uniform phantom experiments to test the feasibility and performance of our proposed MAET-CPS algorithm by imaging electrical conductivity with noninvasive measurements.
Currently, the theoretical framework of MAET is mainly based on the reciprocity theorem. The boundary condition, the forward problem and the inverse problem of electromagnetics lead to relatively high computational complexity. These problems limit the possible biomedical applications of the present MAET to biological tissue imaging. In addition, the boundary conditions are difficult to set properly, which also limit the accuracy of measurement. Therefore, investigation on a novel reconstructed method of electrical conductivity in MAET is highly significant. In this study, a MAET system based on the Verasonics platform was designed and implemented and the equations satisfying MAET-CPS were given. Various experiments were conducted for electrical conductivity tomography. As shown in Fig. 6 , the experiments conducted illustrate that the MAET-CPS theory coincides with the measured values. In Figs. 8, 9 (b), and 9 (c), conductivity was not detected within the phantom or the deionized water; however, the conductivity changes were detected in the upper/lower surfaces of the imaging body and the bottom of the plastic shell, and the positions of the conductivity changes were highly consistent with that of the upper /lower surfaces of the phantom and the bottom of the container, indicating that our system detected the conductivity boundaries of the phantom and the bottom of the plastic shell. From Figs. 8−10 , the upper and lower surfaces of each phantom were detected.
It was also implied that our proposed MAET-CPS can be applied to detect the interface of conductivity variation of the phantom.
As shown in Fig. 8 , the reconstructed B-scan conductivity image was influenced by noise. This is partly because of the introduction of cables connected to electrode and Verasonics system; therefore, further development is needed to create more effective methods and robust algorithms against system noise. In practice, signal averaging can be used to enhance system SNR-as evidenced by our uniform phantom experiments. The obtained MAET-CPS figures revealed that conductivity changes occur only at the boundary regions, however, it is difficult to distinguish homogeneous regions within the phantom, and this problem will be the focus of our future research.
In addition, further investigations were carried out to evaluate the performance of the MAET-CPS in our study. Factors such as the type of ultrasonic-transmitting transducer, duration of chirp signal and NaCl concentration of uniform phantoms, were introduced to elucidate the impact of those factors on imaging resolution. Furthermore, we found that the focusing probe had the strongest relative amplitude of conductivity in the focus point, and the relative amplitude became weaker as the depth of excitation away from the focus point. The measured results agreed with the focusing theory, and the conductivity measured by the focusing probe decreased with the excitation depth, which reflected the process of ultrasonic propagation and attenuation in the sample.
VI. CONCLUSION
We investigated the algorithm flow of the MAET-CPS and implemented a non-invasive conductivity detection system, and the reconstructed B-scan image of the conductivity distribution in MAET-CPS was introduced. In addition, uniform phantom experiments were conducted to verify the validity and reliability of our proposed method. The experiment results showed that the MAET-CPS system can precisely detect the conductivity curve (electrical properties) of a homogeneous phantom, indicating that our proposed MAET-CPS method for detecting the changes in the interface of conductivity variation in MAET-CPS were effective and feasible. Furthermore, the influence of the focusing probe was explained experimentally, and we proved that the frequency modulation period of the excitation source is an important factor that can affect the imaging resolution of MAET-CPS. Since the current studies on MAET is at their early stages, the experimental platform and electrical conductivity measurement method of MAET need to be improved further.
Although we accomplished some achievements in our study, several shortcomings are worth considering and need to be improved, such as magnet space, uniformity of the magnetic field, and platform structure. Since the uniform phantom with NaCl was placed in deionized water, the NaCl in the phantom gradually diluted with water and limited the time that the phantom could be used in our experiment. Therefore, we need to optimize our system considering the above aspects in the future. Although the reconstructed B-mode image of conductivity distribution was obtained, our experiments were conducted only when the probe moved in the x-axis direction. Therefore, xz-plane scanning experiments around the phantom and the corresponding imaging algorithm of conductivity distribution will be the focus of our next study. Additionally, the imaging resolution and SNR need to be further improved. More effective digital signal processing methods such as the logarithmic reconstruction algorithm [10] and the wavelet domain multiresolution convolutional neural network [36] need to be investigated and biological tissue model, stratified imitations with different conductivity and tumor tissue embedded in uniform phantom will be applied to our next experiments.
